Living organisms are error-prone. Every second a single human cell produces over 100 12 transcripts with a substitution, frameshift or splicing error. Multiple mRNA quality control 13 pathways exist to degrade these transcripts. Many of these pathways involve co-translational 14 regulation of mRNA stability, such as nonsense mediated decay (NMD) and reduced stability 15 of transcripts with suboptimal codon usage. Recent work has shown the existence of a genetic 16 link between NMD and codon-usage mediated mRNA decay. Here we present new 17 computational evidence that, because the codons following most frameshift errors are 18 suboptimal, removal of mRNAs with such errors may be mediated by degradation of mRNAs 19 with sub-optimal codons. Thus, most transcripts that contain frameshifts are subject to two 20 modes of degradation. 21 22 Author summary 23 Frameshifting errors are common and mRNA quality control pathways, such as nonsense-24 mediated decay (NMD), exist to degrade these aberrant transcripts. Recent work has shown 25 the existence of a genetic link between NMD and codon-usage mediated mRNA decay. Here 26 we present computational evidence that these pathways are synergic for removing 27 frameshifts. 28 29 Introduction 30 31 Frameshifting errors in gene expression 32 33 All biochemical pathways are intrinsically stochastic processes. Transcription, splicing, and 34 translation are especially error prone, with error rates 4-6 orders of magnitude higher than 35 that of DNA polymerase (1-6). Such errors can result in single-amino acid substitutions, as 36 well as truncation of the protein due to nonsense mutations or frameshifting errors. The latter 37 can occur due to insertion and deletion events during transcription, splicing errors, and 38 ribosomal slippage during translation (Figure 1). 39 40 Frameshifts in protein coding genes are likely to be among the most damaging events, as they 41 result in truncated proteins which may be misfolded or form dominant negative alleles (7,8) 42 (Figure 1). This justifies an evolutionary pressure for cells to contain mRNA surveillance 43 pathways that remove transcripts bearing frameshifts. Suppression of frameshift errors is 44 thought to be one of the major roles of the mRNA quality control machinery (9).
act in a synergistic manner to remove transcripts with frameshifts. In addition to generating a 76 PTC, frameshifts generate a second signal of "wrong transcript": a run of normally out-of-77 frame codons between the frameshift and the PTC that are now translated (Figure 1 ). Below 78 we provide computational support of this hypothesis. It was previously noted that use of optimal codons increased not only protein levels, but also 90 mRNA levels (24-26), suggesting that ribosome speed might regulate mRNA stability. 91 Recently, a pathway that involves the DEAD-box RNA helicase Dhh1 was found to target 92 transcripts with suboptimal codon usage for decay in a translation-dependent manner (18,27).
93
Even short stretches of twelve suboptimal codons reduce mRNA levels (19), likely due to 94 slower translation (28).
96
While most genes do not have highly optimized codon usage, the majority of the yeast 97 transcriptome is populated by highly optimized mRNAs ( Figure 2B) . The top 10% of 98 expressed genes have highly optimized codon usage. In yeast these genes account for 77% of 99 the transcripts in a cell. Translational selection (29) will result in the optimized codon usage 100 of constitutively highly expressed genes but will act less efficiently on genes with lower 101 expression, genes that are rarely expressed, and of course on out-of-frame codons. In addition to producing PTCs, frameshifts are likely to introduce a stretch of non-optimized 106 codons at the 3'end of the ORF (Figure 1 ). In genes with optimized codons, this will result in 107 a sudden changes in translation efficiency after the frameshift, which will reduce protein 108 synthesis and target the transcript for decay ( Figure 3A) . This reasoning follows the 109 observation that the impact of low codon optimality on translation efficiency and mRNA 110 decay is local and can act over as few as twelve codons (19,28). The magnitude of the 111 decrease in codon optimality will be highest for transcripts with high codon optimization 112 (most of the mRNAs in the cell ( Figure 2B) ), which correspond to highly expressed genes 113 that likely bear most of the frameshifts (assuming a uniform distribution of errors across 114 transcripts (1)). Our hypothesis is that frameshift-removing mechanisms are especially 115 relevant for such highly-expressed genes. Furthermore, the impact of low codon optimality 116 close to the 3' end of the mRNA is higher (Mishima and Tomari 2016). In the case of a 117 frameshift, the enrichment of non-optimal codons should be towards the end of the ORF, 118 which predicts that the destabilizing effect will be even stronger.
120
To compare the role of NMD and codon bias in mRNA quality control we ran a frameshift-121 introducing simulation on yeast transcripts. We generated random single-base deletions in 122 native transcripts and calculated codon optimality (tRNA adaptation index, tAI (30)) and Our recent work suggests a genetic link between codon bias and NMD (11). Here we report a 156 possible explanation of this interaction, but it remains to be seen which is the impact on 157 measured expression levels of both processes. The mechanism of this link also remains to be 158 established.
160
In frameshifted mRNAs, the quantitative impact of the low-tAI stretches of ORF in 161 expression remains elusive. It will be interesting to see if they can explain more or less 162 quality control than NMD. In addition, the effect of codon bias on expression is expected to 163 impact protein levels (20,23), not only mRNA . This predicts that the impact of codon bias on 164 expression is higher than reported here ( Figure 3A) , which is not true for NMD. This could 165 explain why we observe a lot of splice isoforms that have PTCs in humans, which may arise 166 from frameshifting splicing errors. NMD does not remove them (as we can detect them), but 167 it is likely that they have lower codon adaptation and reduced protein levels. 2015)). This means that each gene has a weight in the distribution which 192 is proportional to it's mRNA expression. 194 We obtained data about the relationship between several ORF features (3'UTR length and Disclosure statement 218 The authors declare that they have no competing interests. them, mainly because of the generated long 3'UTR (in yeast). Our hypothesis is that NMD is 230 often nonspecific for errors, so that other quality control mechanisms must exists. We note 231 that another signal of "incorrectness" may appear in transcripts with frameshifts: a stretch of 
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